The objective of this work is to verify the validity of the Spink's model at the lower shelf of the transition curve CVN-T. Knowing that in this field of temperatures, previous results have shown that CVN is se nsitive to the steel micro-structure of the steel, heat treatments and the existence of defects such as those caused by internal hydrogen. Mild steel, with and without internal hydrogen and a metastable austenitic 2404 alloyed steel transformed at − 196 °C to about 90% martensite are studied. Standard charpy specimens with different notch root radii varying from 0 to 1 mm are used to measure fracture toughness by applying j-integral and also to measure the impact energy CVN. For all, bending tests were performed and the tests temperature was − 196 °C . For mild steel without internal hydrogen, the changes in both fracture toughness and impact toughness as a function of notch acuity coincide perfectly and are, also, in good agreement with those obtained at the upper shelf by Ritchie et al in AISI 4340 steel in two different heat treatments. However; in the case of mild steel severely charged with internal hydrogen and containing more than 10 ppm H 2 , which promotes high density of defects in the grain boundaries, the two linear relations are not similar but for the two cases of zero notch radii are the same and equal to 0 mm. The bi-phases 2404 alloyed steel shows that the slopes and the critical notch root radii of the linear relations are also different. The strain induced martensite from the residual austenite γ during the fracture toughness measurements at − 196 °C , with low strain rate is assumed to be inhibited. Only the strain rate sensitivity is responsible for this difference. However; for all three cases studied at − 196 °C and for the results obtained at the upper shelf by Rithie et al, the effective notch root radii whether measured by fracture toughness or by impact energy tests are the same. The fracture type in mild steel free from internal hydrogen is by macro-cleavage, while in the presence of internal hydrogen, macro-cleavage and inter-granular feature, with large cracks are observed. After fracture toughness tests, the fracture surface of the aged martensite 2404 alloyed steel is by fine dimples "ductile-fragile" feature. The main conclusion is that by applying the Spink's model described above, large dimension specimens satisfying the standard LFEM criterion (ASTM E23-01, 2001) are not necessary.
Introduction
LEFM (Linear elastic fracture mechanisms) was the potential quality control to insure a fracture safe component. However, LEFM is limited for several reasons: The testing of a K IC specimen, the size requirements necessary to insure valid K IC test results which depends on the yield strength (σ y ) of the metal studied and the high capacity of the tensile machines able to realize these tests. Consequently, the need exists to correlate K IC data with test results obtained with less costly conventional mechanical property specimens. The most commonly used is CVN (Charpy-V) notch at the upper shelf of the transition curve CVN-T. Several results have shown in Refs. [1] [2] [3] [4] [5] , the existence of different relationships between the mechanical toughness K IC measured either by the LEFM (Linear elastic fracture mechanisms) or by applying J-integral J IC = K 2 IC (1-υ 2 )/E and the impact energy CVN. At the upper shelf, the most used correlation is that of Barsom-Rolfe: (K IC /σ y) 2 = 5
(CVN/σ y − 0.05) [6] . The prediction of K IC is within 6 to 18% of the measured value. On the other hand, two analytical equations have been derived by a) Rithie, Francise and Server [7] and b) Rithie and Horn [8] (2) where, K A is the apparent mechanical toughness, σ f is the critical fracture stress, σ y is the yield strength, E is the Young modulus and ρ is the notch root radius.
For these relations, it is considered that the material obeys the Von Mises yield criteria. It is difficult to justify failure results from the formation of micro-cracks at the crack root. Furthermore, Spink et al. [9] have shown that even in the post yield region the plain strain fracture toughness controls the mechanisms of fracture. They then assumed that Smith's relationship [10] calculated for a state of anti-plane strain deformation may approximately be valid for plane strain state. Assuming that K A is the post yield region and equal to σ f (πC) 1/2 and relating it to the plane strain fracture toughness, the following model was thus established by Spink et al. [9] :
C is the notch length and σ U is the ultimate stress in bend which is difficult to estimate but we don't need this value now. ρ 0 could be deduced by the slope value.
Attempts at Unifying Relationships

At the Upper Shelf
In aged martensitic 2404 alloyed steel with different sulphur content (0.012% to 0.045) N Mahloul [11] was showed that K IC or K C and CVN were sensitive to the austenitization temperature: 800, 1,050 and 1,200
°C for 2 h, generating grain sizes: 40, 70 and 125 µm respectively. Standard 12 mm thick SENT specimens thick, with fatigue precracked, were used to measure K IC or K C , while standard Charpy V-notch specimens were employed to measure impact energy using standard CVN specimens at room temperature. The strain rates respectively applied, were 3.3 × 10 -4 m/s for mechanical toughness and 3.3 × 10 3 m/s for the impact energy tests. The results presented in Fig. 1 was showed the following empirical relationships:
where, α and β were constants depending on the grain size dγ and the sulphur content. [(CVN)/σ y ] is in m.
It is worth noticing that the relationships of Barsom and Rolf [6] , Van der Sluys et al. [12] and Witt [13] are valid for high strength steels such as the reactor pressure vessel and the ultra-high aircraft steel, and for 
Applying Spink's model and plotting the variation of (K A /K IC ) against (ρ/C) 1/2 , the results issued from the literature [14] [15] [16] [17] [18] and obtained at the upper shelf of the transition curve K A -T, were showed that all the relations were linear with slopes which increased as the yield strength σ y or the ultimate stress σ u going higher. Furthermore, the characteristic distance or the effective notch root radius ρ 0 can be deduced from these slopes. Two types of curves were observed: Type I [14] [15] [16] is obtained when ρ 0 ≈ 0 at (K A /K IC ) = 1, Fig. 2a and type II [17, 18] , for ρ 0 > 0, Fig. 2b . Fig. 2a shows that the slope increases as grain size decreases, keeping in mind that the yield strength σ y is As it has been observed when K IC is improved, there is an unexplained reduction in Charpy impact energy. These contradictory results are due to important differences between fractures induced at a sharp root notch radius, ρ 0 ≈ 0 (fracture mechanics) and at blunted notch with ρ > 0 (CVN). Furthermore, the strain rate in Charpy tests is several order of magnitude higher than that employed in K IC measurements. Thus, there is no physical reasons to compare K IC and CVN results. However, it is possible to compare the values of the two parameters if ρ is the same for the two types of tests. By applying Spink's model as before, the following relationship was plotted from Ritchie [7] data relative to AISI 4340 steel, austenitized at 870 °C and austenitized at 1,200 °C , followed by tempering at 200 or 350 °C , the following relationship:
(5) where, (CVN) ρ > 0 and (CVN) ρ ≈ 0 are the impact energies measured in Charpy specimens with machined notch root radii ρ > 0 and with fatigue pre-cracked with ρ ≈ 0 respectively, and β is the slope of the linear relations c) and d) and are presented in 
K IC as a Function of CVN within the Transition Zone
The dynamic tear DT and the drop-weight tear DWT tests were developed to measure fracture energy and involve three-point bending tests using a notched bar which is considered as oversized Charpy specimen. The notched bar being much thicker and wider than the Charpy-V specimen, there is a much greater plastic constraint at the notch root. The transition temperature is thus shifted to significantly higher temperatures, especially for low and medium strength steels, since Charpy dynamic data are being compared with static fracture toughness values. This test methods should be considered valid only for materials that exhibit little or no strain-rate sensitivity. By conducting the test under both impact and slowbending conditions, a fatigue pre-cracked Charpy specimen could be used to determine the strain-rate sensitivity of the studied material. Marandet and Sanz [5] have used a multi-step approach to predict a K IC -temperature curve for a set of medium-strength steels having various heat treatments. By taking K IC transition-temperatures (TK* IC ) as the temperature at which toughness increases rapidly, they defined TK* IC as equal to 100 MPam 1/2 . Similarly they defined TK28 as the impact energy transition temperature at which Charpy V-notch energy is CVN = 28 J. They thus suggested, the following relationship: TK* IC = 9 + 1.37 TK 28 (°C) (6) They also determined that by shifting the actual K IC -temperature curves until TK* IC Coincided with TK28, a K IC -CVN correlation can be established as,
At the Lower Shelf or at − 196 °C
Materials and Experimental Procedures
The materials used in this investigation are:
I. An aged martensite 2404 alloyed steel (0.39% C, 24.09% Ni, 0.009% P, X% S). This alloy is the same as that studied at the upper shelf, Fig. 1 , The 2404 alloyed steel is known as an metastable austenite [19] . The "aged martensite" is obtained after maintaining it, at room temperature, for several days. The micro-structure analysed by X-ray technique shows: 90% α' + 10% γ without plastic deformation. The micro-structure of this martensite is recognized by its Butterfly feature. Two types of test are achieved in order to study: a) The effect of grain size and sulphur content (from 0.012% to 0.045) on the variation of (K IC /σ y ) 2 or (K C /σ y ) 2 as a function of (CVN/σ y ) In this case, Fig. 4 shows the appearance of twinning in the matrix (left side) and after introducing hydrogen with high density, the defects are concentrated in grain boundaries, (right side) For − 196 °C , the yield strength σ y is about 60 MPa higher in the absence of the internal hydrogen than in its presence [20] .
Charpy impact energies CVN and K A values were measured using standard sized [ASTM 2001 ] Charpy-V specimens with root notch radius ρ varying between about 0 mm (fatigue pre-cracked notch) and 1mm. The notch root radii were precisely determined by projecting them on a viewing screen at X 20. Pendulum type impact machine of hammer velocity 3. ly the strain r her slope, con ius with resp pact energy. (Fig. 8a) and with the presence of the internal hydrogen (Fig. 8b) . The transition temperature (CVN-T) of the carbon steels is also known to increases as the carbon content is higher. ; the transition zone. The authors assumed that micro-cracks were developed at the fatigue crack tip. The possibility of hydrogen atoms-dislocations interaction assisted by the slow strain rate performed in this range of these temperatures is to be considered. In our case, not only grains boundaries are embrittled by hydrogen atoms, but also, the development of micro-cracks at the notch tip are implied for this behavior. It is worth noticing that at − 190 °C , hydrogen atoms-dislocations interaction is inhibited. The slopes are lower for the two parameters than those observed in the absence of internal hydrogen, Fig. 8 and could suggest that the yield strength σ y is lowered. Results obtained by tensile tests at − 196 °C in α iron with or without hydrogen charged with the same method and charging conditions [20] showed that the yield strength of uncharged steel was higher by about 60 MPa and the maximum plastic (ρ/C) 1/2 deformation is about 10%, slightly higher in the presence of internal hydrogen [23] . 
Results and Discussion
(K IC /σ y ) 2 = f(CVN/σ y ) for the Aged Martensitic 2404 Alloyed Steel at
whether at the upper or at the lower shelf [24] of the transition curve. 
Conclusions
This study is devoted to find emperical relationships between mechanical toughness and impact energy at the upper and the lower shelf of the transition curve and to verify also the Spink's model for specimens with the same notch root radius, suggesting that the steel micro-structure is homogeneous. Otherwise, excessive defect density in grain boundaries provoked by hydrogen introduction or in the case of the strain rate sensitivity material, such as the bi-phases aged martensite 2404 Alloyed Steel, the correlation between the two parameters are possible but the similarities are not observed, Generally, the fracture type is by macro or micro-cleavage feature and is observed when the similarities exist between the two parameters. When fine dimples or a mixture of cleavage with inter-granular rupture are observed, the similarities are not established,
The critical notch root radii measured either by fracture toughness or by impact energy tests have almost the same values, and lower than the grain size, in the upper and lower shelf of the transition curves.
The few results obtained in this study do not allow the establishment of a definitive relationship between mechanical toughness and impact energy in the lower shelf of the transition curves. More results are thus available in steels or other materials having homogeneous microstructures.
